In subjects with schizophrenia, impairments in working memory are associated with dysfunction of the dorsolateral prefrontal cortex (DLPFC). This dysfunction appears to be due, at least in part, to abnormalities in c-aminobutyric acid (GABA)-mediated inhibitory circuitry. To test the hypothesis that altered GABA-mediated circuitry in the DLPFC of subjects with schizophrenia reflects expression changes of genes that encode selective presynaptic and postsynaptic components of GABA neurotransmission, we conducted a systematic expression analysis of GABA-related transcripts in the DLPFC of 14 pairs of schizophrenia and age-, sex-and post-mortem interval-matched control subjects using a customized DNA microarray with enhanced sensitivity and specificity. Subjects with schizophrenia exhibited expression deficits in GABA-related transcripts encoding (1) presynaptic regulators of GABA neurotransmission (67 kDa isoform of glutamic acid decarboxylase (GAD 67 ) and GABA transporter 1), (2) neuropeptides (somatostatin (SST), neuropeptide Y (NPY) and cholecystokinin (CCK)) and (3) GABA A receptor subunits (a1, a4, b3, c2 and d). Real-time qPCR and/or in situ hybridization confirmed the deficits for six representative transcripts tested in the same pairs and in an extended cohort, respectively. In contrast, GAD 67 , SST and a1 subunit mRNA levels, as assessed by in situ hybridization, were not altered in the DLPFC of monkeys chronically exposed to antipsychotic medications. These findings suggest that schizophrenia is associated with alterations in inhibitory inputs from SST/NPY-containing and CCKcontaining subpopulations of GABA neurons and in the signaling via certain GABA A receptors that mediate synaptic (phasic) or extrasynaptic (tonic) inhibition. In concert with previous findings, these data suggest that working memory dysfunction in schizophrenia is mediated by altered GABA neurotransmission in certain DLPFC microcircuits.
Introduction
A common and core clinical feature of schizophrenia is the impairment of certain cognitive functions, such as working memory, that are mediated by the dorsolateral prefrontal cortex (DLPFC). [1] [2] [3] The dysfunction of this brain region appears to reflect, at least in part, disturbances in inhibitory circuitry mediated by g-aminobutyric acid (GABA)-containing interneurons. 4 In nonhuman primates, normal working memory function depends on GABA-mediated circuitry in the DLPFC 5, 6 and decreased levels of the mRNAs encoding the 67 kDa isoform of glutamic acid decarboxylase (GAD 67 ), an enzyme that synthesizes GABA, and GABA transporter 1 (GAT1), a presynaptic transporter for the reuptake of synaptically released GABA, have been replicated in multiple post-mortem studies of schizophrenia. [7] [8] [9] [10] [11] [12] [13] Indeed, an analysis of all post-mortem studies of schizophrenia conducted in specimens from the Stanley Neuropathology Consortium revealed that three genes expressed in GABA neurons (reelin, parvalbumin (PV) and GAD 67 ) had the most abnormal transcript and protein levels in schizophrenia. 14 At the cellular level, the density of neurons with detectable levels of GAD 67 mRNA was significantly decreased in schizophrenia subjects, 7, 9 whereas in neurons with detectable levels of GAD 67 mRNA, the expression level per neuron did not differ from control values. 9 These observations suggest that the majority of DLPFC GABA neurons express normal levels of GAD 67 mRNA in subjects with schizophrenia, but approximately 25-35% of GABA neurons lack detectable levels of this transcript. Furthermore, the affected subpopulation includes the GABA neurons that express the calcium-binding protein PV, whereas those that express calretinin (CR) appear to be unaffected. 15 However, abnormalities in PV neurons alone may not completely account for the deficits in expression of GAD 67 mRNA since such changes were also observed in cortical layers I, II and V, where relatively few PV-containing GABA neurons are located 15, 16 and where no changes in PV mRNA expression were found. 15 Thus, other subpopulations of GABA neurons present in these layers, such as those that express the calcium-binding protein calbindin 16 and/or the neuropeptides somatostatin (SST) 17 or cholecystokinin (CCK), 18 may be affected and transcripts that are selectively expressed in these subpopulations may be altered in the DLPFC of subjects with schizophrenia.
In addition, GABA A receptor expression in the DLPFC appears to be abnormal in subjects with schizophrenia. For example, increased muscimolbinding in pyramidal neuron cell bodies 19, 20 and increased GABA A receptor a2 subunits in the axon initial segments of pyramidal neurons 21 might represent compensatory receptor upregulation in response to decreased GABA release from GABA neurons, especially those that express PV. 4 However, the reports of decreased mRNA levels for the GABA A receptor g2 and d subunits 22, 23 suggest that the downregulation of GABA A receptors containing these subunits might also contribute to disturbances in DLPFC inhibitory circuitry in schizophrenia.
Based on these findings, we hypothesized that altered DLPFC GABA-mediated circuitry in schizophrenia reflects expression changes of genes that encode selective pre-and postsynaptic components of GABA neurotransmission. In order to test this hypothesis, we analyzed the expression pattern (that is, the transcriptome) of a large number of GABArelated transcripts using a customized DNA microarray platform with enhanced sensitivity and specificity. Findings for selected transcripts were verified by real-time quantitative polymerase chain reaction (qPCR) and by in situ hybridization. In situ hybridization studies were also conducted in monkeys chronically exposed to haloperidol or olanzapine.
Materials and methods

Human subjects
Brain specimens in the Brain Tissue Donation Program at the University of Pittsburgh Medical Center were obtained during autopsies conducted at the Allegheny County Coroner's Office (Pittsburgh, PA, USA) after consent was obtained from the next of kin. For DNA microarray and qPCR studies, 14 pairs of schizophrenia and control subjects matched for sex, and as closely as possible for age and post-mortem interval (PMI), were used in this study (Table 1) .
The mean age, PMI, brain pH, RNA integrity number (RIN, see below) and tissue storage time were virtually identical in the two groups (Table 2 ). For in situ hybridization studies, we used 23 subject pairs composed of 13 of these 14 pairs (except pair 7, Table  1 ), plus 10 pairs described in cohort 2 (pairs 1-4, 6, 7 and 9-12) of a previously published study. 13 These subject pairs were also matched for sex, and the mean values for age, PMI, brain pH, RIN and tissue storage time were nearly identical for the two groups ( Table 2 ).
An independent committee of experienced research clinicians made consensus DSM IV (Diagnosis and Statistical Manual of Mental Disorders, fourth edition, 1994) diagnoses for each subject on the basis of medical records and the results of structured interviews conducted with family members of the deceased as described previously. 24 All procedures were approved by the University of Pittsburgh's Committee for the Oversight of Research Involving the Dead and Institutional Review Board for Biomedical Research.
Tissue preparation
The right hemisphere of each brain was blocked coronally, immediately frozen and stored at À801C as described previously. 9 Cryostat sections (20 mm) from the anterior-posterior level corresponding to the middle portion of the superior frontal sulcus were cut serially and collected into tubes containing Trizol reagent (Invitrogen, Carlsbad, CA, USA) for RNA isolation, or mounted on Super frost plus glass slides (VWR International, West Chester, PA, USA) for Nisslstaining or in situ hybridization. The location of DLPFC area 9 was determined from the Nissl-stained sections using cytoarchitectonic criteria as described previously. 9 Total RNA was isolated from Trizol homogenates of sections, cleaned by RNeasy columns (Qiagen, Valencia, CA, USA) and RNA integrity was assessed by measuring RIN 25 using the Bioanalyzer 2100 (Agilent Technologies, Walbronn, Germany). For all subjects used in this study, RIN was X7.0.
DNA microarray
We utilized a customized DNA microarray (NimbleGen systems, Madison, WI, USA) containing probes for 85 GABA-related transcripts. The GABA-related transcripts included (1) 11 transcripts selectively expressed in subsets of GABA neurons; (2) 11 transcripts whose protein products are involved in the synthesis, release, uptake or degradation of GABA; (3) 23 transcripts encoding GABA receptor subunits and related proteins and (4) 40 transcripts whose protein products regulate the function of GABA neurons (Supplementary Table 1 ). For each transcript, five single-stranded 60-mer DNA probes were synthesized by in situ maskless photolithographic printing. Each of these five independent probes, which were nonoverlapping and biased toward the poly-A tail, were synthesized four times in each of five blocks, resulting in 100 measures per transcript per array ( Figure 1a ). Probes for more than 800 control transcripts were also printed in each array for global normalization. 26 Total RNA (7 mg) was reverse-transcribed into double-stranded cDNA using cDNA SuperScript Custom Kit (Invitrogen, Carlsbad, CA, USA) and T7 promoter oligo dT primer. cRNA was transcribed from cDNA by T7 polymerase in the presence of biotinylated nucleotides (Enzo Life Sciences, Farmingdale, NY, USA) using MEGAscript T7 kit (Ambion, Austin, TX, USA), fragmented into 50-200 bases and hybridized to the custom DNA microarray. Hybridized cRNA was detected by Cy3-streptavidin (Amersham Biosciences, Piscataway, NJ, USA). Scanned microarray images were segmented and analyzed by a customized proprietary system (NimbleGen systems, Madison, WI, USA). Determination of signal levels and scaling were performed using Robust Multi-array Average. 26 For each subject, arrays were run in duplicate, with each duplicate analyzing a sample from a new reverse transcription and cRNA synthesis. The signal levels were averaged across the two runs. For scale linearity, signal levels were log 2 -transformed and differential expression was established using average log 2 ratio (ALR) between control and schizophrenia groups (|ALR| = 1 corresponds to a twofold increase or decrease, |ALR| = 0.585 represents a 1.5-fold change and |ALR| = 0.263 depicts a 1.2-fold alteration in expression).
Signal levels determined for each probe were considered to be different between the schizophrenia and control groups if |ALR| > 0.263, and if the results of a paired t-test for comparing expression levels were P < 0.05. The usage of paired t-test reflects the pairing of control and schizophrenia subjects based on sex, age and PMI, each of which may have linear 13 and/or nonlinear 27 effects on sample conditions including transcript levels. However, the usage of nonpaired t-tests resulted in exactly same number of probes that met the combined criteria for 9 out of the 10 transcripts (except for GABA A receptor b3 subunit, Table 3 ). We did not perform Bonferroni's correction, because of the risk of eliminating the vast majority of true expression differences and producing a large increase in false-negative errors. 28 Instead, we employed the combination of magnitude of difference and statistical significance criteria in order to reduce false-positive findings and to eliminate statistically significant, but very small, expression changes likely to have a marginal biological effect. [28] [29] [30] When multiple probes met these criteria for a given transcript, the data from the probe detecting the largest |ALR| were reported and used for further analyses.
Cluster analysis was performed on log 2 -transformed signal levels across the 28 subjects using Euclidean distance in Genes@Work developed by IBM. 31, 32 Correlations among transcript expression changes across the 14 subject pairs were assessed by Pearson's correlation analysis of log 2 -transformed schizophrenia to control signal ratios using Bonferroni's correction.
The effects of potential confounding factors, such as alcohol dependence and/or abuse, treatment with benzodiazepines and/or valproic acid, diagnosis of schizoaffective disorder or the manner of death, on expression changes of each transcript were assessed by comparing log 2 -transformed schizophrenia to control signal ratios between subject pairs, with or without the presence of these factors in the subjects with schizophrenia at the time of death, using Student's t-test.
Real-time qPCR
For six of the GABA-related transcripts that met these microarray criteria for altered expression, real-time qPCR analyses 30 were performed on DLPFC samples from the same cohort of subjects. Using 50 ng of total RNA, cDNA synthesis by oligo dT primer and SuperScript II reverse transcriptase (Invitrogen) was conducted. All primer pairs used (Supplementary GABA-related transcriptome in schizophrenia T Hashimoto et al Table 2 ) exhibited the high amplification efficacy ( > 95%) in the standard curve analysis and specific single products in dissociation curve analysis. After primer validation, the comparative threshold cyle (C T ) measurement was performed for quantification using SYBR Green I dye (Applied Biosystems, Foster city, CA, USA) and ABI PRISM 7000 (Applied Biosystems) according to the manufacturer's instructions. Measurement was performed with two independent reverse transcriptions and four replicates for each reverse transcription. Mitochondrial ATP synthase F0 subunit 6 (ATP6) was used as a normalizing transcript 30 because all five probes for this transcript showed the most similar and consistent signal levels across all control and schizophrenia subjects in the microarray analysis (Figure 1b) . The dC T (C T for target transcripts -C T for ATP6), indicating the relative expression level of the target transcript to ATP6, was used for comparison by paired t-tests. The usage of paired t-test corresponds to the pairing of control and schizophrenia subjects based on sex, age and PMI. However, nonpaired t-tests resulted in the same statistical conclusions for all transcripts. We did not perform Bonferroni's correction, because this experiment was performed for the confirmation of the decreased expression levels detected by microarray for each transcript and thus, the probability of falsepositive error is considered very low.
In situ hybridization Histological assessment of gene expression was performed by in situ hybridization for SST and CCK mRNAs in 23 subject pairs. In each subject, three sections evenly spaced at 400 mm were used for the assessment of each mRNA. Sections from all subjects were processed together in a given run, and three runs were performed for each mRNA. Templates for synthesis of riboprobes were obtained by PCR. Specific primer sets amplified a 356 bp fragment for SST mRNA and a 394 bp fragment for CCK mRNA, corresponding to bases 112-467 of the human SST mRNA (NM_001048) and bases 192-585 of the human CCK mRNA (NM_000729). Nucleotide sequencing revealed 100% homologies between the amplified fragments and the previously reported sequences. Amplified fragments were subcloned into the plasmid pSTBlue-1 (Novagen, Madison, WI, USA) and antisense and sense probes were transcribed in vitro in the presence of 35 S-CTP (Amersham Biosciences, Piscataway, NJ, USA) using T7 or SP6 RNA polymerase. Hybridization was performed as described previously. 13, 15 Following fixation with 4% paraformaldehyde in phosphate-buffered saline, the sections were acetylated, dehydrated through a graded ethanol series and defatted in chloroform for 10 min. The sections were then hybridized with 35 S-labeled riboprobes (1 Â 10 7 dpm/ml) in a hybridization buffer at 561C for 16 h. The sections were washed in a solution containing 0.3 M NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM ethylenediaminetetraacetic acid (pH 8.0) and 50% formamide at 631C, treated with RNase A (20 mg/ml) at 371C and washed in 0.1X SSC at 671C. Sections were then dehydrated through a graded ethanol series, airdried and exposed to BioMax MR film (Kodak, Rochester, NY, USA). After exposure to film, sections were coated with NTB2 emulsion (Kodak) diluted 2:1 with water, exposed at 41C for 18 and 10 days for SST and CCK mRNAs, respectively, developed with D-19 (Kodak) and counterstained with cresyl violet.
Quantification was performed without knowledge of subject diagnosis by random coding of the sections. Expression levels of each mRNA were assessed by five nonoverlapping 60-mer DNA probes, each of which was synthesized four times in each of five blocks, resulting in 100 independent probe measurement areas per transcript per array (a). Pair-wise comparisons of the expression levels of both mitochondrial ATP synthase F0 subunit 6 (ATP6) and somatostatin (SST) mRNAs are shown in (b) and (c), respectively. For each mRNA, the log 2 -transformed schizophrenia to control subject ratios are shown for each of the five probes across the 14 subject pairs. The color of each symbol represents data from an individual probe and the relative position of each probe is indicated in panel (a). Horizontal bars at right indicate the mean signal differences between the control and schizophrenia groups determined by each probe. The corresponding fold changes relative to the matched control are shown on the right axis.
Transilluminated autoradiographic film images were captured by a video camera under precisely controlled conditions, digitized and analyzed using a Microcomputer Imaging Device (MCID) system (Imaging Research Inc., London, ON, Canada). Images of adjacent sections stained with cresyl violet were also captured and superimposed onto the autoradiographic images to draw contours of the full thickness of the cortex. Optical density was measured within the contours and expressed as nCi/g of tissue by reference to radioactive Carbon-14 standards (ARC Inc., St Louis, MO, USA) exposed on the same film. All cortical optical density measures were corrected by subtracting background measures in the white matter. For each mRNA, the density measures from three sections were averaged before the statistical analysis was conducted. Two analysis of covariance (ANCOVA) models 33 were performed to examine the differences in mRNA expression levels. The first model had diagnostic group as a main effect and subject pair as a blocking factor. Because density measures for each mRNA were not normalized, potential differences in RNA integrity were accounted for by including RIN and tissue storage time as covariates in this model. 25 The second model, instead of using subject pair as a blocking factor, included all pairing factors (age, sex and PMI) as covariates in addition to RIN and storage time. Because these two ANCOVAs produced similar results for both SST and CCK mRNAs, only the results from the first model are reported. The correlations among mRNA expression changes determined by microarray, qPCR and in situ hybridization were assessed by Pearson's correlation analysis.
Antipsychotic-exposed monkeys As described previously, 34 experimentally naive, male macaque monkeys (Macaca fasicularis) (LABS of Virginia, Yemassee, SC, USA), 4.5-5.3 years of age, were chronically exposed to twice daily oral doses of haloperidol, olanzapine or placebo (n = 6 monkeys per group) for 17-27 months. The doses of haloperidol and olanzapine were gradually increased until the monkeys were receiving 24-28 mg of haloperidol or 11.0-13.2 mg of olanzapine per day. The final trough drug plasma levels were within the range associated with clinical efficacy in humans (B1.5 ng/ml for haloperidol and B15 ng/ml for olanzapine). 34 Matched by terminal body weight, monkeys were euthanized in triads (one animal from each group) on the same day. Brains were rapidly removed, and the right frontal lobe was cut into coronal blocks, frozen in isopentane on dry ice and stored at -801C. Serial coronal sections (16 mm) were cut from the slabs containing the anterior one-third of the principal sulcus and mounted on glass slides. Two sections evenly spaced at 224 mm were hybridized with antisense RNA probes against human GAD 67 , 13 SST, or GABA A receptor a1 subunit mRNAs as described above. For synthesis of a GABA A a1 subunit probe, a 587 bp fragment, corresponding to bases 846-1432 of the human GABA A a1 subunit mRNA (NM_000806), was amplified by PCR and its sequence verified. The optical density for each mRNA was measured in the gray matter of the DLPFC bordered by the cingulate and principal sulci and corrected by subtracting the white matter density measures. Density values of two sections were averaged for each mRNA. The effects of drug exposure on mRNA expression levels were evaluated by a one-way analysis of variance (ANOVA). All studies were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. 
Results
Altered expression of GABA-related transcripts
In our customized microarray analysis, five nonoverlapping 60-mer sequences were selected as probes for each transcript (Figure 1a) . The expression differences across the 14 subject pairs detected by 5 different probes for SST mRNA, which showed one of the largest decreases in the schizophrenia subjects, are shown in Figure 1c . In general, each of the five probes revealed a similar pattern of expression change within a subject pair. However, the magnitudes of the detected differences varied across the five probes, and one probe for SST mRNA did not meet the combined criteria for decreased expression in schizophrenia. In contrast, the variance among the five probes was much smaller both within and across subject pairs for ATP6 mRNA, a control transcript that showed no expression difference between subject groups (Figure 1b) . The GABA-related transcripts, for which at least one probe met the combined criteria for a difference between schizophrenia and control groups, are listed in Table 3 . These 10 transcripts fell into three categories (Figure 2 ). The first category involved transcripts encoding presynaptic molecules that regulate GABA neurotransmission, namely GAD 67 and GAT1. The second category consisted of transcripts encoding neuropeptides, including SST, neuropeptide Y (NPY) and CCK, each of which is expressed and used as a neuromodulator by a subset of GABA neurons. The third category corresponded to different GABA A receptor subunits, including a1, a4, b3, g2 and d. As shown in Table 3 , SST mRNA exhibited the most robust decrease in the schizophrenia group with four probes meeting the criteria and one of them detecting ALR = À0.67, which corresponds to a 1.6-fold decrease in mRNA level. For each of these 10 GABArelated transcripts, expression levels were decreased in the schizophrenia subject in at least 10 of the 14 subject pairs (Figure 2) .
In order to verify the decreased expression in schizophrenia of six GABA-related transcripts representing the three categories, the expression levels of GAD 67 , SST, NPY, CCK, GABA A a1 and GABA A d mRNAs were quantified by real-time qPCR in the same 14 subject pairs. We found significant mean decreases in the expression of GAD 67 (12%, t 26 = À1.8, P = 0.049), SST (44%, t 26 = À3.3, P = 0.003), NPY (28%, t 26 = À2.9, P = 0.007), GABA A a1 (42%, t 26 = À8.6, P < 0.001) and GABA A d (25%, t 26 = À2.6, P = 0.010) mRNAs in the schizophrenia group (Figure 3 ). For each of these mRNAs, the pattern of pair-wise expression changes in -ddC T (equivalent to log 2 ratio of schizophrenia to control levels) 35 corresponded well with the pattern shown by the microarray across 14 pairs (compare Figures 2 and 3) . In fact, the expression differences detected by the microarray and qPCR analyses were highly correlated across the 14 subject pairs for each of these five transcripts (r = 0.71, P = 0.005 for GAD 67 mRNA; r = 0.79, P = 0.001 for SST mRNA; r = 0.71, P = 0.005 for NPY mRNA; r = 0.53, P = 0.053 for GABA A a1 mRNA and r = 0.58, P = 0.029 for GABA A d mRNA) (Figure 4) . For CCK mRNA, in contrast to the microarray findings, qPCR showed a trend for an increase in subjects with schizophrenia (t 26 = 1.4, P = 0.095).
As a further step of verification, and in order to adjudicate the conflicting findings between the microarray and qPCR analyses for CCK mRNA, we Figure 2 Altered expression in schizophrenia of 10 GABArelated transcripts as revealed by DNA microarray analyses. Transcripts are classified into three functional groups. The log 2 -transformed schizophrenia to control subject ratios are shown across 14 subject pairs. The corresponding fold changes are shown on the right axis. For transcripts in which multiple probes met the combined criteria of a difference between control and schizophrenia subjects, the data from the probe that detected the largest average change are presented.
GABA-related transcriptome in schizophrenia T Hashimoto et al conducted quantitative in situ hybridization for SST and CCK mRNAs using 23 subject pairs including 13 pairs (except for pair 7) used in the microarray and qPCR analyses. In DLPFC area 9 of control subjects, SST and CCK mRNAs exhibited distinct laminar patterns of expression ( Figure 5 ). SST mRNA expression was high in layers II and superficial III and in layers IV, V and superficial VI, moderate in deep layer III and deep layer VI and low in layer I. CCK mRNA expression was high in layers II-III and deep layer V and layer VI and low in layers I, IV and superficial V. Microscopic observation of emulsion-coated slides revealed silver grains clustered over Nissl-stained neuronal nuclei for both mRNAs (data not shown). These expression patterns of SST and CCK mRNAs are consistent with previous studies in the human neocortex. 36, 37 No signal above background was found in sections hybridized with sense RNA probes. The expression levels of SST and CCK mRNAs, as measured in the full thickness of the gray matter, were significantly decreased by 36% (F 1,20 = 15.4, P = 0.001) and 15% (F 1,20 = 8.4, P = 0.009), respectively, in the schizophrenia group compared to the control group ( Figure 5 ). In addition, our previous study detected a significant 23% decrease (F 1,20 = 17.5, P < 0.001) in GAD 67 mRNA levels in the schizophrenia subjects in these same 23 subject pairs. 13 The percentage expression changes measured by in situ hybridization and qPCR were highly correlated for GAD 67 (r = 0.89, P < 0.001) and SST (r = 0.90, P < 0.001) mRNAs across the 13 subject pairs common to both studies ( Figure 4 ).
Relationship among transcript expression changes
In order to assess the relationships among the expression of 10 GABA-related transcripts with decreased expression levels in schizophrenia, we performed a hierarchical cluster analysis of their expression data obtained by microarray across all 28 subjects. A dendrogram generated by this analysis indicated two major groups (Supplementary Figure) . The first group included GAD 67 , GAT1, SST, NPY and CCK, each of which is expressed by either all or subsets of GABA neurons. The second group consisted of four GABA A receptor subunits, including a1, a4, g2 and d. GABA A receptor b3 subunits did not cluster with any of the other transcripts. As the cluster analysis suggested strong coregulation of transcripts within each of the two groups, we next assessed the relationships among their expression changes in schizophrenia by performing secondary correlation analyses across the 14 subject pairs. In the first group, after Bonferroni's correction, we observed significantly correlated expression changes for GAD 67 and SST (r = 0.71, P < 0.005), GAD 67 and NPY (r = 0.72, P < 0.004), GAD 67 and CCK (r = 0.84, P < 0.001) and SST and NPY (r = 0.81, P < 0.001). Among GABA A receptor subunits, there were significant correlations between a1 and g2 (r = 0.84, P < 0.001), a1 and d (r = 0.81, P < 0.001) and g2 and d (r = 0.85, P < 0.001).
Potential influence of other factors on GABA-related transcript expression In order to evaluate the potential effect of long-term exposure to typical or atypical antipsychotic medications, we examined mRNAs representative of the three categories of changed GABA-related transcripts (that is GAD 67 , SST and GABA A a1) in the DLPFC of monkeys chronically exposed to placebo, haloperidol or olanzapine (n = 6 per group). 34 The expression patterns of GAD 67 , SST and GABA A a1 mRNAs, as revealed by in situ hybridization, did not differ across the groups of monkeys ( Figure 6 ). One-way ANOVA confirmed the absence of an effect of drug exposure on the expression levels of GAD 67 Because substances such as alcohol, benzodiazepines or valproic acid affect GABA neurotransmission, we assessed whether the usage of these substances by subjects with schizophrenia at the time of death had any effect on the expression changes of the 10 GABA-related transcripts revealed by microarray. For each of these transcripts, no significant differences in log 2 -tranformed schizophrenia to control signal Figure 4 Correlations among expression changes assessed by DNA microarray, qPCR and in situ hybridization. For GAD 67 (left column) and SST (right column) mRNAs, log 2 -transformed within-pair differences in mRNA levels determined by microarray are plotted against -ddC T determined by qPCR (upper row) and percentage within-pair differences determined by in situ hybridization are plotted against those calculated from -ddC T s (lower row). Figure 5 The expression of SST and CCK mRNAs detected by in situ hybridization. Representative autoradiograms illustrate the expression of SST (upper panels) and CCK (lower panels) mRNAs in DLPFC area 9 of a control subject (left panels) and an age-, sex-and PMI-matched subject with schizophrenia (right panels). The densities of hybridization signals are presented in a pseudocolor manner according to the calibration scales (left). Solid and broken lines indicate the pial surface and the border between gray matter and white matter, respectively. Scale bar = 1 mm. Graphs at the right show the mean (7s.d.) expression levels of SST (upper) and CCK (lower) mRNAs in the control and schizophrenia groups. ratio were detected between pairs with (n = 5) or without (n = 9) alcohol abuse and/or dependence in the schizophrenia subjects, or between pairs with (n = 6) or without (n = 8) the usage of benzodiazepines and/or valproic acid by the schizophrenia subjects (Supplementary Table 3 ). In addition, no significant differences were observed between pairs with (n = 4) or without (n = 10) the diagnosis of schizoaffective disorder, or between pairs with (n = 3) or without (n = 11) death by suicide in the schizophrenia subjects, for each of the 10 GABA-related transcripts (Supplementary Table 3 ).
Discussion
In this study, a customized microarray platform revealed expression deficits of multiple GABArelated transcripts in the DLPFC of subjects with schizophrenia. The protein products encoded by these transcripts can be classified into three groups: (1) presynaptic regulators of GABA neurotransmission (GAD 67 and GAT1), (2) neuropeptides (SST, NPY, CCK) and (3) GABA A receptor subunits (a1, a4, b3, g2 and d). These data, together with previous findings (for review, see Lewis 4 and Akbarian and Huang
38
), provide convergent evidence for altered inhibitory inputs from certain subtypes of GABA neurons via specific GABA A receptors to both the dendritic and perisomatic domains of pyramidal neurons in the DLPFC of subjects with schizophrenia.
These gene expression deficits appear to be related to the disease process of schizophrenia, or at least not a consequence of other factors commonly associated with the illness. The following lines of evidence indicate that these gene expression changes are not attributable to treatment of schizophrenia with antipsychotics. First, we have previously shown that the expression of GAD 67 and GAT1 mRNAs was unaltered Figure 6 The effect of chronic exposure to antipsychotic medications on the expression of GAD 67 , SST and GABA A receptor a1 subunit mRNAs in the monkey DLPFC. Representative autoradiograms illustrate the expression of GAD 67 (upper panels), SST (middle panels) and GABA A a1 (lower panels) mRNAs in the DLPFC of a control (left panels), a haloperidol-exposed (center panels) and an olanzapine-exposed (right panels) monkey. The densities of hybridization signals are presented in a pseudocolor manner according to the calibration scales (left). Solid and broken lines indicate the pial surface and the border between gray matter and white matter, respectively. PS and CS stand for the principal and cingulate sulci, respectively. Scale bar = 1 mm. Graphs to the right show the mean (7s.d.) expression levels of GAD 67 (upper), SST (middle) and GABA A a1 (lower) mRNAs in the placebo-, haloperidol-and olanzapine-exposed monkey groups.
in the DLPFC of monkeys chronically exposed to haloperidol and benztropine. 9, 12 Second, long-term exposure of monkeys to typical (haloperidol) or atypical (olanzapine) antipsychotics did not alter mRNA levels for GAD 67 , SST or GABA A a1 subunit in the DLPFC (Figure 6 ). Third, the three subjects with schizophrenia (pairs 2, 9, 13), who were not receiving antipsychotics at the time of death, showed decreased expression for GABA-related transcripts in both microarray and qPCR studies (Figures 2 and 3) .
In addition, it is also unlikely that the observed pattern of GABA-related transcript expression changes is caused solely by usage of substances that influence GABA neurotransmission, such as alcohol, benzodiazepines and valproic acid, because we did not observe a significant difference in expression changes for any of the 10 GABA-related transcripts between the pairs with or without comorbid alcohol abuse and/or dependence in the schizophrenia subjects, or between the pairs with or without the use of benzodiazepines and/or valproic acid by schizophrenia subjects, at the time of death (Supplementary Table 3) .
Finally, the GABA-related transcript expression changes did not seem to be associated with a diagnosis of schizoaffective disorder or suicide, because the changes did not differ as a function of the presence of these factors in the subjects with schizophrenia (Supplementary Table 3) .
Schizophrenia subjects in a subset of the pairs appear to have larger decreases in GABA-related transcript levels than in the other pairs (Figure 2) . However, future studies using larger cohorts are necessary to assess if decreased GABA-related transcript expression is specific to a subset of subjects with schizophrenia.
The customized microarray platform used in this study has several advantages compared to previous microarray studies of the DLPFC of subjects with schizophrenia. 11, 23, 39, 40 First, the opportunity to select transcripts of interest enabled us to focus on a large number of GABA-related transcripts. Second, the use of five nonoverlapping 60-mer probes provided enhanced specificity and sensitivity for detecting target transcripts and differences in their tissue concentrations. 41 Third, the virtual absence of falsepositive observations in our data set was demonstrated by the findings that (1) different probes for a given transcript never met the criteria for a difference in opposite directions; (2) among the four transcripts with only one probe meeting the combined criteria for decreased expression in schizophrenia, two transcripts had an additional probe that detected a statistically significant decrease (Table 3) ; (3) decreased expression levels detected by microarray were verified with real-time qPCR and/or in situ hybridization for all transcripts tested and (4) no expression differences were detected for mRNAs encoding GAD 65 , CR, or TrkC, whose expression levels were previously reported to be unaltered in the DLPFC of subjects with schizophrenia by other methods. 10, 13, 15 However, false negative errors, which are common in microarray data sets, 42, 43 are still possible. For example, we did not replicate previously reported alterations for some transcripts, such as PV, BDNF and reelin mRNAs. [13] [14] [15] 44 Therefore, the negative data, without verification by other methods, should not be considered as definitive proof of unaltered transcript expression.
For CCK mRNA, our real-time qPCR failed to confirm the microarray observation of decreased expression. However, we accepted the microarray data for the following reasons. First, in the microarray analysis, two nonoverlapping probes met the combined criteria for decreased expression in schizophrenia subjects (Table 3) . Second, in situ hybridization study detected a significant decrease in area 9 of the extended cohort of 23 pairs of control and matched schizophrenia subjects ( Figure 5) . Third, previous studies reported significant decreases in CCK peptide 45 and mRNA levels 46 in other frontal areas of schizophrenia subjects. Finally, there may be a limitation in detecting gene expression changes with relatively small magnitudes ( < 20%) by real-time qPCR. 47 These findings demonstrate the value of using multiple methods to uncover true transcript expression differences. 28 Our observation of reduced levels of GAD 67 and GAT1 mRNAs in the DLPFC of the same subjects with schizophrenia and the correlation between these changes across pairs (r = 0.62, P < 0.018), although not significant after Bonferroni's correction, are consistent with previous studies indicating that both the synthesis and presynaptic reuptake of GABA are reduced in the subset of GABA neurons that express PV. 4, 12, 15, 48 Because a primary reduction in GAT1 does not induce changes in the levels of GAD, 49 the downregulation of GAT1, which prolongs the activity of synaptically released GABA, 50 is likely to be a compensatory response to decreased GABA synthesis in these neurons. 4 The highly significant correlations among the gene expression changes for GAD 67 , SST and NPY suggest that GAD 67 mRNA expression is also decreased in another subset of GABA neurons that express both SST and NPY. In the cortex, SST is expressed by the majority of calbindin-containing GABA neurons, a separate population from those that express PV or CR, 16, 51, 52 and a subset of SST-containing neurons largely overlaps with the majority of NPY-containing neurons. 51, 53 The localization of SST-and NPYcontaining neurons predominantly in layers II and V 51,53 ( Figure 5 ) may account for the deficits in GAD 67 mRNA expression in these layers, which could not be explained by the expression deficits in PV-containing neurons. 9 Because SST-and NPY-containing neurons selectively target distal dendrites of pyramidal neurons, [53] [54] [55] [56] these coordinated gene expression changes suggest that GABA neurotransmission is altered at the dendritic domain of pyramidal neurons in the DLPFC of subjects with schizophrenia. Furthermore, given the functions of SST and NPY as inhibitory neuromodulators, 57 their gene expression deficits indicate the presence of additional mechanisms affecting inhibitory regulation of DLPFC circuitry in schizophrenia.
CCK is heavily expressed in GABA neurons that do not contain PV or SST 18, 58 and is expressed at low levels in some pyramidal neurons. 59 The clustering of CCK with GAD 67 and their highly correlated expression changes suggest a deficit in GABA synthesis in CCK-containing GABA neurons. The axon terminals of CCK-positive basket neurons converge with those from PV-containing neurons on the perisomatic domain of pyramidal neurons. 58 Thus, alterations in GABA regulation on this domain of pyramidal neurons appear to involve at least two subpopulations of GABA neurons in the DLPFC of subjects with schizophrenia.
GABA A receptors containing the a1 and g2 subunits are enriched in postsynaptic sites where they mediate phasic inhibition. 60, 61 In contrast, GABA A receptors containing the d subunit, which is often coassembled with the a4 subunit in the forebrain, are selectively localized to extrasynaptic sites. [60] [61] [62] These extrasynaptic receptors, which have a high sensitivity to GABA and thus can be activated by ambient GABA molecules in extracellular space, mediate tonic inhibition which reduces the effects of synaptic inputs over time. 62, 63 Given the predominant localization of the a1, g2 and d subunits to dendrites, 64,65 the highly correlated expression deficits for these transcripts suggest coordinated downregulation of GA-BA A receptors mediating phasic and tonic inhibition in the dendritic domain of DLPFC pyramidal neurons in schizophrenia. Because this downregulation is unlikely to be a compensatory response to reduced GABA release, it may represent a primary process in the illness. Consistent with this interpretation, a recent genetic study reported that variants in the GABA A receptor a1 subunit gene were associated with both schizophrenia and altered expression levels of GABA A receptor subunit mRNAs. 66 Furthermore, a targeted deletion of the GABA A receptor a1 subunit gene in mice resulted in altered cortical expression of other GABA A receptor subunits, such as increased a2 and decreased g2 protein levels, as well as decreased levels of SST mRNA. 67, 68 Together, these findings suggest that the deficit in a1 subunit expression could be an upstream event to other GABA-related gene expression changes in the DLPFC of subjects with schizophrenia.
Although decreased a1 subunit mRNA expression was detected by both microarray and qPCR in this study, two other studies reported increases in the mRNA levels in the DLPFC of subjects with schizophrenia. 8, 69 This discrepancy might be due to the fact that control and schizophrenia groups were not well matched for factors, such as age, sex and PMI, in these studies. Consistent with this interpretation, another study using 12 pairs of age-, sex-and PMI-matched subjects reported a trend decrease in a1 mRNA levels in schizophrenia. 70 However, future studies of independent cohorts are needed to resolve the differences across studies. Previous studies also reported increased muscimol binding in the DLPFC of schizophrenia subjects that was most prominent in pyramidal neuron cell bodies. 19, 20 However, because muscimol recognizes GABA binding sites in all types of GABA A receptors, decreased expression of some GABA A receptor subunits could be masked by increased expression of other subunits. Indeed, an upregulation of a2 subunit immunoreactivity in the axon initial segment of pyramidal neurons 21 and increased a2 mRNA expression in pyramidal neurons 71 were observed in the DLPFC of subjects with schizophrenia.
Although establishing the functional significance of our observations requires further verification at the protein level, the results of this study, in concert with previous findings, provide a clearer picture of the Figure 7 Schematic summary of alterations in GABAmediated circuitry in the DLPFC of subjects with schizophrenia. Altered GABA neurotransmission by PV-containing neurons (green) is indicated by gene expression deficits in these neurons and associated changes in their synapses, a decrease in GAT1 expression in their terminals and an upregulation of GABA A receptor a2 subunit at the axon initial segments of pyramidal neurons (lower enlarged square). Decreased expression of both SST and NPY mRNAs indicates alterations in SST and/or NPY-containing neurons (blue) that target the distal dendrites of pyramidal neurons. These changes appear to be accompanied by a downregulation of GABA A receptor subunits, including the a1 and g2 subunits present in receptors that mediate synaptic (phasic) inhibition and the a4 and d subunits present in receptors that mediate extrasynaptic (tonic) inhibition (upper enlarged square), in dendrites of pyramidal neurons. Decreased CCK mRNA levels indicate an alteration of CCKcontaining large basket neurons (purple) that represent a separate source of perisomatic inhibition from PV-containing neurons. Gene expression in CR-containing GABA neurons (red) does not seem to be altered. Other neurons, such as PV-containing basket neurons, are not shown because the nature of their involvement in schizophrenia is unclear. G, generic GABA neuron; P, pyramidal neuron; I-IV, layers of the DLPFC. nature of altered GABA neurotransmission in the DLPFC of subjects with schizophrenia ( Figure 7) . Previous studies demonstrated mRNA expression deficits in PV-containing, but not in CR-containing, GABA neurons in the DLPFC of subjects with schizophrenia. 9, 12, 15 These changes were associated with the downregulation of GAT1 in the presynaptic terminals of PV-containing chandelier neurons 48 and the upregulation of GABA A receptor a2 subunit in the postsynaptic axon initial segments of pyramidal neurons (Figure 7 , lower enlarged square). 21 Our current study suggests alterations in GABA neurotransmission provided by two additional subpopulations of DLPFC GABA neurons: SST-and NPYcontaining neurons and CCK-containing basket neurons, which predominately target the distal dendrites and cell bodies of pyramidal neurons, respectively. Furthermore, gene expression deficits for a1 and g2 GABA A receptor subunits and for d and a4 subunits suggest decreased synaptic (phasic) and extrasynaptic (tonic) inhibition, respectively, in pyramidal neuron dendrites ( Figure 7 , upper enlarged square). GABAmediated regulation at the dendritic domain of pyramidal neurons is important for the selection and integration of excitatory inputs from different cortical and subcortical areas, whereas GABA inputs at the perisomatic domain, including the axon initial segment and cell body, are critical for control of the timing and synchronization of pyramidal neuron firing. 72, 73 Therefore, the findings summarized in Figure 7 suggest altered GABA-mediated regulation of both inputs to and outputs from DLPFC pyramidal neurons in subjects with schizophrenia. These alterations are certain to affect information processing in DLPFC circuitry and thus are likely to be major contributors to working memory impairments in schizophrenia.
